Length variation due to tandem repeats is now recognized as a common feature of animal mitochondrial DNA;
Introduction
Animal mitochondrial DNA (mtDNA) has been viewed as an example of genetic economy due to small genome size (typically 16-18 kb), absence of introns, and limited noncoding sequences (Brown 1985) . However, this view has recently been challenged by the discovery of frequent tandem duplications, primarily in the form of tandem repeat arrays in the contol region. As the number of taxa for which sequence or restrictionsite data exist has increased, the occurrence of tandem repeats has become recognized as a common feature of mtDNA. Rand (1993) listed more than 50 species with variable-length genomes, and examples continue to be discovered at a rapid rate (e.g., Ghivizzani et al. 1993; Hoelzel, Hancock, and Dover 1993; Broughton and Dowling 1994; Stewart and Baker 1994; Mundy, Winchell, and Woodruff 1996) . Because much of the theory for the evolution of nuclear repeats involves some form of recombination (reviewed by Elder and Turner 1995) , the evolution of repeats in mtDNA (which lacks recombination) is not well understood. Knowledge of molecular mechanisms that cause duplications to arise and proliferate is vital for a complete understanding of the evolution of mtDNA and its efficient use as a marker in evolutionary studies. Extensive length polymorphism in mtDNA tandem repeat arrays results from a propensity for addition and deletion of copies. In the absence of recombination, slipped-strand mispairing (SSM) during replication (Levinson and Gutman 1987; Buroker et al. 1990 ; Hayasaka, Ishida, and Horai 199 1) appears to be the primary mechanism causing additions and deletions . Sequences capable of forming secondary structures have been shown to increase the frequency of SSM in a variety of nonmito-chondrial systems (Glickman and Ripley 1984; Pierce, Kong, and Masker 1991) , and it appears that such structures also play an important role in mtDNA (Buroker et al. 1990; Wilkinson and Chapman 1991; Arnason and Rand 1992; Broughton and Dowling 1994; Stanton et al. 1994; Stewart and Baker 1994) .
Nucleotide variation among copies may reveal historical processes that gave rise to extant repeat arrays. Primary among these processes is the rate of copy addition and deletion relative to the nucleotide mutation rate. At a low rate of addition/deletion, copies in an array would diverge from each other as nucleotide changes accumulate.
Alternatively, "homogenization" of nucleotide variation within specific lineages may occur as long as the rate of copy turnover is greater than the nucleotide mutation rate (Rand 1994) . Greater sequence similarity within rather than among some repeat arrays has led several investigators (Solignac, Monnerot, and Mounolou 1986; Arnason and Rand 1992; Hoelzel, Hancock, and Dover 1993; Stewart and Baker 1994) to draw analogies with concerted evolution observed for many repeated nuclear sequences. However, because the term "concerted evolution" has been used to describe similarity of repeat arrays among lineages mediated by interlocus recombination (Dover 1982) , the more general term "homogenization" may be more appropriate for nonrecombinant lineages. In fact, different repeat arrays in clonal lineages will tend to diverge, rather than evolve in concert, as they are homogenized for different nucleotide variants (Smith 1973; Ohta 1983) . Independent formation of similar duplications in different lineages may also be important. Formation of specific secondary structures may repeatedly facilitate duplication of homologous sequences, resulting in independently derived repeat arrays. Although their frequency is unknown, convergent mitochondrial duplications have been reported within species (Hayasaka, Ishida, and Horai 199 1) and among mammalian orders (Wilkinson et al. 1997) . If independent duplications arise in the presence of nucleotide polymorphisms, multiple repeat arrays, each possessing lineage-specific nucleotide variants, may result.
We can therefore identify several evolutionary scenarios for tandem repeat evolution and derive predic- GCATAACGTATCTGTACTTC-3') ( fig. 1 ). Specific repeat copies were designated based on their positions on the light strand, i.e., 5', internal, or 3'.
Data Analysis

Sequences
were aligned using PILEUP in GCG (Devereux, Haeberli, and Smithies 1984) . To assess differences in variability among different sequences, average pairwise differences within each of four categories (5' copies, internal copies, 3' copies, and nonduplicated sequences) were calculated using Jukes-Cantor distances. Because of an 8-bp deletion found in many of the repeats, distances were calculated using the pairwise deletion option in the computer program MEGA (Kumar, Tamura and Nei 1993) . Variation of Jukes-Cantor distances within and among the four groups of sequences was analyzed with a Kruskal-Wallis nonparametric analysis of variance. Phylogenetic analysis was conducted separately for duplicated and nonduplicated sequences using parsimony and neighbor-joining methods. For the repeats, each copy was considered a separate OTU. In parsimony analyses (PAUP 3.1.1; Swofford 1993), all nucleotide changes were given equal weight, and an 8-bp deletion was coded as a single base change. Heuristic searches used random taxon addition and TBR branch swapping, and 10 trees were held at each step during 100 search replicates.
Neighbor-joining analysis (Saitou and Nei 1987) employing Jukes-Cantor distances and confidence probability (CP) values (Rzhetsky and Nei 1992) was performed with MEGA (Kumar, Tamura, and Nei 1993).
Comparison of tree topologies supporting alternate models of repeat evolution was conducted with the nonparametric test of Templeton (1983) .
Results
Phylogenetic
Analysis of Nonduplicated Sequences
Variable nucleotides from nonduplicated sequences are shown in figure 2 (complete sequences available under GenBank accession numbers U73315-U73323 and U86047-U86057).
No two sequences were identical; however, much of the variation was unique to single individuals.
Phylogenetic analysis yielded limited resolution with both parsimony and neighbor-joining ( fig. 3 ). However, individuals Little 1, Stony 2, Stony 6, Elkhart 2, and French Broad 1 form a lineage distinct from the remaining individuals.
Variation Within and Among Repeats
Variable nucleotides in tandem repeats are shown in figure 4 (complete sequences under GenBank accession numbers U73306-U733 14 and U86058-U86068). No standard-length (single-copy) genomes or length heteroplasmy was observed, and the positions of duplication endpoints were identical for all copies in all individuals. Divergence within C. spiloptera was <5% for both duplicated and nonduplicated sequences. Nucleotide diversity differed significantly among different repeat positions and nonduplicated sequences ( fig. 5 ). Because of the potential problem of assessing the homology of particular copies among arrays which differ in copy number, only the 15 individuals with three copies ( fig. 4) duced diversity relative to all other groups. These results indicate that among repeats in C. spiloptera, copies in the 5' position are conserved, and that the portion of the control region adjacent to tRNAPro evolves rapidly relative to the repeat region.
Phylogenetic
Analysis of Repeats Parsimony analysis of all repeats yielded >32,000 equally most parsimonious trees (the limit of memory on the computer used). The only structure was a monophyletic group containing all copies from individuals Little 1, Stony 2, Stony 6, Elkhart 2, and French Broad 1, and a group uniting the 3' and internal copies from individual Big 5 (not shown). For practical purposes, subsequent analyses included sequences from 10 individuals (9 C. spiloptera and 1 C. venusta) that exhibited nucleotide differences in two or more copies. For these individuals, parsimony analysis produced 233 shortest trees ( fig. 6A) . Use of the neighbor-joining approach resolved additional nodes, but CP values on many of these were low ( fig. 6B) .
Examination of the repeat sequence data ( fig. 4 ) revealed that the source of limited resolution was extreme conflict among characters. Conflict appears to be attributable to a derived 8-bp deletion and an adjacent A-to-G change (positions 11-19 in fig. 4 ; note that the deletion was weighted equal to a single-nucleotide change). These nucleotides (hereafter referred to as the G/deletion) occurred in all internal and 3' copies but never in 5' copies, a distribution consistent with the single-origin model. However, most of the other characters (positions 60-62, 159, 176, 177, 183-185, 187, 188, 210, 225, 240, and 248; fig. 4 ) exhibited derived states in all copies (internal, 3 ', and 5 ') in the individuals in which they occurred. Ten of these 15 characters were uniquely derived in single individuals.
These 15 characters support grouping of repeats by individuals or erouns of individuals as nredicted bv the multinle-origins or homogenization models. Conflict among these two groups of characters resulted in reduced phylogenetic resolution, yet the presence of well-supported nodes grouping all copies from some individuals (e.g., Stony 6 and French Broad 1) support the multiple-origins or homogenization models ( fig. 6 ). Although the G/deletion reduced phylogenetic resolution, in no case among the 233 shortest trees (37 steps) did it form an unreversed synapomorphy.
Enforcing a topological constraint on a single node, making the G/deletion (and thus all 3' and internal copies) monophyletic, required five additional steps. In each of these 582 trees (42 steps), parallel mutation of 15 other nucleotide characters was required. To assess the significance of the difference between trees consistent with each model, the nonparametric test of Templeton (1983) was applied. From each set of most-parsimonious trees (37 vs. 42 steps), one fully resolved tree that minimized the number of homoplastic characters was selected ( fig.  7) . These trees have similar structures for nodes that are not important in discriminating among hypotheses. The Templeton test indicated that the topology supporting multiple origins or homogenization ( fig. 7A ) was significantly shorter (T, = 33, n = 17, P < 0.025) than the alternative supporting a single origin ( fig. 7B) .
Relationships of repeats from individual fish were consistent with relationships of nonduplicated sequences. In particular, sequences from individuals French Broad 1 and Stony 6 form a well-supported group in both analyses. In addition, phylogenetic analysis of only 5' copies from each individual (not shown) yielded a pattern very similar to that in figure 3, with strong support for the French Broad l-Stony 6 group. These results demonstrate that sequence evolution in the tandem repeats reflects the history of the lineages in which they are found, and that recombination or gene conversion among lineaees is ne&gible. . G--------.......TA............. 
Discussion
regions in mammals (Saccone, Pesole, and Sbisa 1991) Repeat Variation and in fishes (Brown, Beckenbach, and Smith 1992;  Differences in nucleotide diversity among repeats Shedlock et al. 1992; Lee et al. 1993 , apparently due to the presence of regulatory elements. Therefore, it is and nonduplicated sequences suggest that these sequences not surprising that nonduplicated sequences proximal to are subject to different functional constraints. It has been tRNAPro exhibit substantially more diversity. Reduced well established that the central part of the control rediversity of 5' copies relative to other repeat units is gion is more highly conserved than the adjacent flanking similar to results reported for the evening bat (Wilkinson and Chapman 1991). In that and many other systems, tandem repeats are found in the portion of the control region adjacent to tRNAPro, and are assumed to result from strand slippage at the 3' end of the D-loop (7s) DNA (Buroker et al. 1990 ). Repeats at the opposite end of the control region (adjacent to tRNAPhe) may result from a similar mechanism involving slippage of the nascent heavy strand as replication nears completion (Hayasaka, Ishida, and Horai 1991; Broughton and Dowling 1994) . In either case, repeats would be added on the heavy strand in the same directional orientation but differing in timing (early vs. late) and position (left vs. right of 0,).
An implication of these results is that the template for initial duplication events occupies the 5' position but may be involved to a lesser extent in subsequent additions and deletions. Several studies have indicated that within repeat arrays, derived variation is usually shared among internal copies, whereas terminal copies tend to accumulate fewer changes and have greater similarity among arrays. This phenomenon was termed the "edgeeffect" by Rand (1994) . Although Fumagalli et al. (1996) suggested that addition and deletion occur at the 5' end and that the 3' copy is protected from such events, the present results indicate that 5' copies are conserved. An edge-effect at the 3' end was not evident, but this may be a function of the limited number repeats in C. spilopteru. It therefore appears that 5 ' copies are ancestral, while additional copies accumulate in the 3' direction.
Character Distribution Among Repeats
Despite limited phylogenetic resolution, examination of nucleotide character state distributions and functional constraints provide insights on the evolutionary dynamics of mtDNA tandem repeats. The G/deletion occurs in what would otherwise be conserved sequence block 2 (CSB-2). Given its regulatory role in replication and transcription (Chang, Hauswirth, and Clayton 1985; Clayton 1991 Clayton , 1992 and its high level of sequence conservation among vertebrates (Foran, Hixson, and Brown 1988) , CSB-2 appears to be an essential element in normal mtDNA function. The duplicated segments contain CSB-2 and CSB-3 and presumably both heavy-and light-strand promoters, and are adjacent to On. Disruption of regulatory sequences in "extra" copies may confer an advantage, as multiple functional copies of this important region may complicate regulatory processes. Deletion of part of CSB-2 in extra copies may reduce or eliminate potential problems in regulation, favoring individuals lacking multiple intact copies of CSB-2. While it is not difficult to envision a full-length copy (i.e., one without the G/deletion) giving rise to a copy with the G/deletion, it seems very unlikely that the reverse could occur. As such, 5' copies are not likely to be deleted; first, because the molecule would be left without a functional CSB-2, and second, because there would be no conceivable way to regenerate an intact CSB-2. This apparent irreversibility has important implications for character state transformations in phylogenetic analysis because an array containing at least one full-length copy could never be derived from a lineage where all copies possess the G/deletion. Clearly some characters must have converged across repeat units. Not unexpectedly, coding the G/deletion as a single character (vs. two characters) or removing it entirely reduced homoplasy and substantially increased phylogenetic resolution. These results (not shown) are consistent with the topology in figure 7A . Three lines of evidence suggest that the G/deletion is convergent:
(1) Trees allowing convergent evolution of the G/deletion are significantly shorter than alternatives where it evolves only once. (2) It is more parsimonious to assume that the G/deletion (i.e., two possibly related characters) is convergent than to assume that 15 nucleotide characters (that unite sets of copies in specific lineages) were derived more than once. (3) The apparent irreversibility of the G/deletion requires that it must have been independently derived in each monophyletic group containing both 5' and extra copies.
In light of evidence indicating that the G/deletion is convergent, the distribution of intact CSB-2s only in 5' copies suggests that whenever a new copy is made from a 5' copy, a G/deletion is produced (or only when a G/deletion is produced may repeats persist). Presumably, an event drastic enough to result in deletion of eight bases could also cause an adjacent nucleotide change. Such an event could be an artifact of the duplication process, conceivably involving the secondary structures thought to facilitate duplication formation. The G/deletion therefore represents a deterministic form of mutation that is apparently driven by the molecular mechanisms causing sequence duplications. Because the G/deletion provides the only support for the single-origin model, this model may be rejected in favor of either multiple origins or homogenization.
Although the multiple-origins and homogenization models were not differentiated by phylogenetic analysis, they differ in several respects. Primary differences include the timing of point mutations (before duplication for multiple origins and after initial duplication for homogenization) and the relative rate of copy addition/deletion (fast vs. slow, respectively).
These differences are incorporated into a simple example where individuals with repeats fixed for nucleotide differences are derived from a single ancestor ( fig. 8 ). This example illustrates two important points: (1) the multiple-origins model requires fewer evolutionary steps than homogenization (accounting for both addition/deletion and point mutations), and (2) complete homogenization passes through intermediate forms in which derived nucleotides are shared by some but not all copies.
To explain repeat variation in C. spilopteru under the two models, multiple origins would require 30 mutational events, while homogenization would require a minimum of 38 events. Because of the presumably stochastic nature of copy addition/deletion, the actual number of events required for complete homogenization may actually be much higher than the minimum. Multiple origins is, therefore, a more parsimonious explanation. With respect to intermediate forms, it appears that copies with the G/deletion cannot occupy the 5' position; therefore, nucleotide changes arising in copies with the G/deletion cannot be completely homogenized in an array. Consequently, fixed derived nucleotides must originate in 5' copies, and the homogenization process should produce intermediate states where derived nucleotides are shared by the 5' and some extra copies. Although some unfixed variants were shared among extra copies in C. spiloptera, there were no cases of incomplete homogenization involving a 5' copy ( fig. 4 ). Both the lack of expected intermediates and the greater number of evolutionary steps predicted by the homogenization model could be explained by a sufficiently high rate of copy addition/deletion.
Although an expected by-product of rapid copy turnover is length heteroplasmy, no heteroplasmy was observed among the nearly 50 individuals examined. In the C. spiloptera system with relatively low copy number, large repeat units, and lack of heteroplasmy, the rate of copy turnover would appear to be fairly low. Therefore, while neither homogenization nor multiple origins can be rejected, the lack of circumstantial evidence for homogenization suggests it has not acted recently. In addition, regardless of whether repeats arise independently in different lineages (multiple origins) or are added to existing arrays (homogenization), it is clear that the G/deletion must be produced whenever a 5' copy serves as the template for duplication.
The patterns of nucleotide variation reported here provide several new perspectives on the evolution of mitochondrial tandem repeats. The multiple-origins model remains a viable explanation for the distribution of fixed nucleotide variants within various arrays. It is possible that homogenization has acted in conjunction with multiple origins, but tests of such a scenario will be difficult because of the potential for each model to produce similar end results. Although homogenization is clearly an important factor governing tandem repeat variation in many animal taxa, multiple origins may be more important than previously thought. The G/deletion also allows novel insights on molecular evolution by providing new evidence for a real, but as yet uncharacterized, deterministic component of DNA mutation. Such mutations may be important where specific secondary structures interfere with DNA replication.
Repeat Evolution
We suggest the following hypothetical framework for control region tandem repeat evolution. Original duplications are formed via strand slippage, which may be facilitated by DNA secondary structures. Stem-loop structures may be formed by the repeat units themselves or possibly occur upstream (with respect to replication) of the duplicated region. Because the ability to form secondary structures is sequence-specific, sequence variation among taxa may contribute to variation in the positions and lengths of the structures formed. This may account for the observation of different tandem repeats in the same general locations among taxa and could also facilitate the independent duplication of homologous sequences within or among species. Once two copies are present, the propensity for strand slippage may increase, allowing tandem arrays to expand and contract. Given multiple copies of a repeat, those that serve as templates in particular addition events may vary stochastically, but internal copies should be favored when they outnumber terminal copies.
If repeats contain functionally important regions, the primary sequence of terminal copies (or at least the important parts) may be maintained by functional constraints, while selection on internal copies is relaxed. Therefore, a greater proportion of variation which becomes completely homogenized will likely have arisen in terminal copies, yet these copies should also be more conserved. The extent of nucleotide variation within and among repeat arrays will vary with the propensity for parallel duplication and the rate of addition/deletion relative to nucleotide mutation.
The discovery of the same (or very similar) tandem repeat units among many species of shrews (Fumagalli et al. 1996) , darters (Turner 1997), and bats (Wilkinson et al. 1997 ) suggests greater evolutionary significance for repeat arrays than has been previously thought. These results indicate either that such repeats exhibit substantial historical stability or that mutation pressure has caused them to arise repeatedly in multiple lineages. Additional detailed investigations should provide further information on the evolutionary mode and significance of tandem repeats in mtDNA.
